Characterizing the genetic basis of among-species variation in lifespan is a major goal of evolutionary gerontology research, but the very feature that defines separate species -the inability to interbreed -makes achieving this goal impractical, if not impossible, for most taxa. Pristionchus nematodes provide an intriguing system for tackling this problem, as female lifespan varies among species that can be crossed to form viable (although infertile) hybrids. By conducting reciprocal crosses among three species -two dioecious (long-lived Pristionchus exspectatus and short-lived Pristionchus arcanus) and one androdioecious (short-lived Pristionchus pacificus) -we found that female lifespan was long for all hybrids, consistent with the hypothesis that the relatively short lifespans seen for P. pacificus hermaphrodites and P. arcanus females are caused by independent, recessive alleles that are masked in hybrid genomes. Cross-direction had a small effect on survivorship for crosses involving P. exspectatus, indicating that nuclear-mitochondrial interactions may also influence Pristionchus longevity. Our findings suggest that long lifespan in P. exspectatus reflects the realization of an ancestral potential for extended longevity in the P. pacificus species complex. This work demonstrates the utility of interspecific hybrids for ageing research and provides a foundation for future work on the genetic architecture of interspecific lifespan variation.
Introduction
Determining the genetic underpinnings of ageing and longevity is the major goal of both biomedical and evolutionary research (Masoro & Austad, 2011; Atzmon, 2015) . Because these life-history traits are inherently difficult to study, most of our knowledge about them stems from a relatively small set of model systems, and involves two major approaches: mutant screens, which have identified genetic networks that affect lifespan and senescence (Gems & Partridge, 2013) , and experimental evolution studies, which have provided important tests of theories of life-history evolution (e.g. Rose & Charlesworth, 1980; Chen & Maklakov, 2014) . However, the relevance of these findings to natural variation in longevity is uncertain: experimental evolution studies can only provide proofs of concept, and do so under restrictive conditions (Bailey & Bataillon, 2016) , whereas mutant screens appear biased towards identifying conserved loci that may not contribute appreciably to natural variation (de Magalhães, 2014) . A key challenge of evolutionary gerontology research is to reach beyond traditional model systems to taxa that possess intriguing life-history patterns and that allow for novel modes of inquiry into the genetic basis of naturally occurring lifespan variation (Partridge & Gems, 2006) .
Contrary to the mutant screen and experimental evolution approaches, quantitative genetics provides a framework for examining the proximate basis of natural variation in longevity, either in the laboratory or in the wild (Charmantier et al., 2014) . Realized lifespan is sensitive to a wide variety of environmental parameters and is ensured by continued maintenance and repair. Consequently, laboratory-based studies are particularly valuable for studying genetic mechanisms because environmental stressors can be minimized and the resources needed for maintenance and repair can be provided in excess. A few examples serve to demonstrate the breadth of issues that can be explored using controlled crosses in a common garden environment: Ivanov et al. (2015) found that variation in lifespan among Drosophila melanogaster strains derives largely from allelic variants with small-to-moderate effects, primarily at loci involved in carbohydrate metabolism; Reynolds et al. (2007) found that many naturally segregating, lifespanaffecting alleles in D. melanogaster have moderate levels of age-specificity, confirming a key prediction for the evolution of late-life mortality plateaus; Fox et al. (2004) found that dominant genetic effects on lifespan in populations of a seed beetle, Callosobruchus maculatus, vary in a sex-specific manner. However, as valuable as these sorts of studies are, they are limited in scope to examining within-species patterns of variation.
Much like how the intraspecific crosses employed in quantitative genetic studies provide insights into within-species patterns of genetic variation, interspecific crosses may prove useful for studying genetic divergence among species. Because different species, by definition, are reproductively isolated from each other in some way or another, this approach is of course not applicable to all taxa (Dobzhansky, 1937) . However, in many systems, it is still possible to cross separate species and obtain and study fully heterozygous F1 hybrid progeny. Despite focussing only on the F1s and parental strains, this hybrid approach has been successfully used to explore the genetic basis of longevity differences both within (e.g. Maynard Smith et al., 1955; Goodrick, 1975) and among species (e.g. Dickman & Moehring, 2014) .
Nematodes are a promising system for evolutionary gerontology research: lifespan varies considerably across the nematode phylum (Gems, 2002) , and many species are experimentally tractable, most notably Caenorhabditis elegans, which is widely used as a model for genetic research into longevity and senescence (Kenyon, 2011) . Caenorhabditis elegans is an androdioecious species, consisting almost entirely of self-fertilizing hermaphrodites along with the occasional male, yet most nematodes are dioecious with separate males and females (Denver et al., 2011) . To better understand the relationship between mating system and lifespan, we recently conducted a comparative study in the nematode genus Pristionchus (Weadick & Sommer, 2016a) and found that the evolution of self-fertilization repeatedly led to reduced hermaphrodite lifespan. Moreover, we observed substantial variation in lifespan in the Pristionchus pacificus species complex: Pristionchus exspectatus females greatly outlive Pristionchus arcanus females, which, in turn, outlive P. pacificus hermaphrodites (Fig. 1) . Given the evolutionary relationships within (a) (b) Fig. 1 Variation in female/hermaphrodite longevity in the Pristionchus pacificus species complex. (a) Evolutionary tree for the P. pacificus species complex (based on Kanzaki et al., 2012) . Pristionchus exspectatus females are long-lived, P. pacificus hermaphrodites are short-lived, and Pristionchus arcanus females are intermediate (no lifespan data exist for the out-group Pristionchus japonicus) (Weadick & Sommer, 2016a) . (b) Survival curves for P. pacificus species complex females and hermaphrodites (thick lines) and the F1 interspecific hybrid females derived from crossing each pair of species (thin lines). Pristionchus exspectatus females outlived P. arcanus females, which outlived P. pacificus hermaphrodites (all v 2 1 ≥ 7.360; all P ≤ 0.007). F1 hybrid female survival curves were statistically indistinguishable from one another (all v 2 1 ≤ 0.232; all P ≥ 0.630) and from the P. exspectatus female survival curve (all v 2 1 ≤ 0.534; all P ≥ 0.465), yet significantly differed from curves for both P. arcanus and P. pacificus (all v this group, these findings indicate that variation in female/hermaphrodite longevity stems from both a reduction along the hermaphroditic P. pacificus lineage and an increase along the P. exspectatus lineage (Weadick & Sommer, 2016a, b) . However, the genetic basis of lifespan differences among these closely related species remains unaddressed. Pristionchus pacificus was first described just two decades ago, but was then quickly developed into a model system for evolutionary-developmental biology (Hong & Sommer, 2006) . The focus of most of this early research was on comparing and contrasting developmental processes with those of distantly related C. elegans; smaller scale comparative studies (i.e. among P. pacificus strains, or between closely related Pristionchus species) were limited by a poor understanding of Pristionchus diversity. However, owing to the recognition that Pristionchus nematodes are often associated with beetles and other insects, considerable progress has since been made in obtaining new isolates (Ragsdale et al., 2015) . Interestingly, although this work resulted in the discovery of several new dioecious species, the vast majority of samples collected were hermaphrodites (Herrmann et al., 2010 (Herrmann et al., , 2016 . Moreover, biogeographic studies showed that the genus' androdioecious species tend to have wide (cosmopolitan) distributions, whereas the dioecious species tend to be much more restricted (Ragsdale et al., 2015) . All told, these surveys have opened many new avenues for comparative research within the Pristionchus genus, yet sampling remains limited for the dioecious species, presumably due to natural scarcity and sparsity. The dioecious species P. exspectatus and P. arcanus -the close relatives of P. pacificus included in our comparative study of lifespan, described above -were both uncovered during this period (Kanzaki et al., 2012) ; the two species were identified on separate Japanese islands (Kyushu and Okinawa, respectively) and, thus far, have each only been isolated once.
The members of the P. pacificus species complex are capable of interbreeding, and the interspecific hybrids, although almost completely infertile, are viable (Kanzaki et al., 2012) . This finding permits the use of F1 hybrids as a tool for studying the genetics of phenotypic divergence above the species level (e.g. Ragsdale et al., 2013) . Here, we took advantage of this fortuitous feature of Pristionchus biology and used hybrid crosses among the three species to examine the genetic basis of interspecific, natural variation in lifespan.
Materials and methods
Experiments were conducted using P. pacificus strain RS5208, P. exspectatus strain RS5522B, and P. arcanus strain RS5527. We estimated survival curves for unmated XX worms from the three parental species (that is, the females of P. exspectatus and P. arcanus, and the hermaphrodites of P. pacificus) and for unmated F1 hybrid females derived from all six possible reciprocal crosses between species; thus, we estimated survival curves for nine populations in total (n = 40 for each of the nine populations; Table 1 ).
Assay worms were collected from the progeny produced on controlled mating plates. For P. exspectatus and P. arcanus, assay worms were obtained from the progeny of two females and two males per mating plate; for P. pacificus, assay worms were obtained from the progeny of two selfing hermaphrodites per plate. Hybrid crosses were carried out similarly. However, owing to (i) mating inefficiencies among worms from different species (which presumably result from divergence in traits that mediate mating interactions within each species, e.g. Ting et al., 2014) , (ii) the rarity and fragility of androdioecious P. pacificus males and (iii) the fact that males crossed to P. pacificus hermaphrodites face strong sperm competition from self-sperm, slight modifications were made to both the sex ratio and to the number of worms housed on each mating plate: *N (censored) = the initial sample size, and, in parentheses, the number of censored data points. Worms were censored if they escaped, if their plate became irretrievably contaminated or, for selfing P. pacificus worms, if they died due to internal hatching of larvae (matricidal hatching).
3 : 2 (females:males) for crosses between P. exspectatus and P. arcanus (both directions); 10 : 5 when crossing P. pacificus hermaphrodites with males of either dioecious species; and 2 : 1 when crossing P. pacificus males with females of either dioecious species. Mating plates consisted of nematode growth media agar plates (6 cm diameter) spotted with 20 lL of Escherichia coli OP50 (Hope, 1999) . This is an excess of food, considering the time frame and the numbers of worms per plate; thus, the parental worms were not food limited during the mating period or while egg laying. We therefore consider it unlikely that our results are affected by transgenerational effects associated with starvation (which have been shown to affect lifespan in C. elegans; Rechavi et al., 2014) . Parental worms (J4 stage females/ hermaphrodites and young adult males) were left for 24 h at approximately 20°C (48 h for plates with P. pacificus males, which are particularly inefficient maters), after which the males were removed, and assay worms were collected 3-4 days later. Replicated mating plates were established to ensure that assay worms derived from multiple mating events.
The three Pristionchus species we studied are almost completely indistinguishable from one another (Kanzaki et al., 2012) . To isolate cross-progeny from self-progeny when hybridizing dioecious males with self-fertile P. pacificus hermaphrodites, we generated a visually distinct mutant line for P. pacificus by mutagenizing RS5208 strain worms with ethyl methanesulfonate and backcrossing a visually distinguishable mutant three times with wild-type males (Hope, 1999) . This recessive mutant line (strain RS2756) superficially phenocopies C. elegans unc-22 mutants in that the worms are thin and continuously twitching (Benian et al., 1989) . A survival curve for RS2756 hermaphrodites could not be reliably estimated, as these worms are prone to premature deaths due to internal hatching of fertilized yet unlaid eggs. Hybrids created using this mutant line did not display the mutant phenotype.
Assay worms (true bred or F1 hybrid females) were collected at the J4 larval stage from the above-described mating plates, allowed to mature overnight in small groups, and distributed individually (i.e. one worm per plate) to assay plates the next day (day J4 + 1 day). Assay plates resembled mating plates, but with more food (100 lL of E. coli OP50). Survival assays and statistical analyses were conducted following the methods described by Weadick & Sommer (2016a, b) . In brief, worms were maintained at 19.5-20.0°C and checked daily for survival. All worms were unmated, but because P. pacificus worms self-fertilize, it was necessary to periodically transfer these worms to fresh plates during their reproductive period; nonselfing worms (P. exspectatus females, P. arcanus females and almost all of the F1 hybrid females; see below) were similarly transferred as a handling control. Worms that escaped or were lost due to nonsenescent deaths were treated as censored data points. Kaplan-Meier survival curves were generated and compared using pairwise Cox model likelihood ratio tests (LRTs), as implemented in the R package survival (R Core Team, 2014; Therneau, 2014) . Raw data were uploaded to the Dryad Digital Repository (doi: 10.5061/dryad.22s3p).
Results
Pristionchus exspectatus females significantly outlived P. arcanus females, which, in turn, outlived P. pacificus hermaphrodites, consistent with our previous findings (Weadick & Sommer, 2016a) (Fig. 1b) . Median lifespans (Table 1) were slightly shorter than we previously observed (Weadick & Sommer, 2016a) , although this was expected as we employed a slightly warmer incubation temperature (19.5-20.0°C vs. 18.5-19.0°C). Unexpectedly, we found that survival curves for the F1 hybrids formed by crossing each pair of species (i.e. P. exspectatus 9 P. arcanus hybrid females, P. exspectatus 9 P. pacificus hybrid females and P. pacificus 9 P. arcanus hybrid females) were statistically indistinguishable from one another. Moreover, the hybrid females were much longer lived than both P. arcanus females and P. pacificus hermaphrodites; indeed, survival curves for the three different hybrids were each statistically indistinguishable from that of long-lived P. exspectatus females (Fig. 1b) .
To test for an effect of cross-direction on longevity, we compared the F1 hybrid survival curves within each reciprocal cross (Fig. 2) . Cross-direction significantly affected survivorship for P. exspectatus 9 P. arcanus hybrids and P. exspectatus 9 P. pacificus hybrids, but not for P. arcanus 9 P. pacificus hybrids. For the two significant cases, which both involved P. exspectatus, lifespan was longer for hybrids that had P. exspectatus as the father, rather than as the mother. However, longevity differences within the reciprocal crosses were small relative to the large differences seen among the parental species. Moreover, 95% confidence intervals for median survival time overlapped in each case (Table 1) .
Discussion
We previously identified large differences in female and hermaphrodite lifespan between members of the P. pacificus species complex, the members of which can form viable yet infertile hybrid progeny (Weadick & Sommer, 2016a) . To our surprise, we found here that interspecific F1 hybrid females had lifespans roughly equivalent to those of long-lived P. exspectatus females, and much longer than those of P. arcanus females and P. pacificus hermaphrodites. This was true regardless of hybrid parentage: hybrids formed by crossing P. arcanus and P. pacificus greatly outlived either of the parental species. Our results thus demonstrate that the genetic architecture of lifespan in the P. pacificus species complex underlies pronounced cross-specific heterosis in interspecific hybrids.
Heterosis can result from synergistic interactions among alleles within loci (the overdominance model) or from recessive alleles at different loci that complement one another in hybrid genomes (the dominance model) (Birchler et al., 2003; Crow, 2008) . Under the dominance model, our results could be explained if recessive, lifespan-shortening alleles fixed in complementary loci in short-lived P. arcanus and P. pacificus, but not in long-lived P. exspectatus; this model involves a minimum of two loci. Under the overdominance model, our results could be explained by invoking a lifespan-extending heterozygous genotype in long-lived P. exspectatus; this model could involve just a single locus, at which the two short-lived species are homozygous for different alleles. Of the two models, the dominance model appears to be a more broadly supported cause of heterosis than does the overdominance model (Charlesworth & Willis, 2009 ); considering the particulars of the Prisitonchus system, the dominance model seems a better fit to our findings as well. First, for overdominance to be the primary factor, long-lived P. exspectatus would have to be heterozygous at one or more causal loci, yet genome sequencing has shown that the P. exspectatus strain we used is largely isogenic (R€ odelsperger et al., 2014) . Second, meiotic segregation would consistently disrupt any balanced heterozygous loci; as such, we would expect many P. exspectatus individuals to lack the long-lived genotype, yet the P. exspectatus survival curve maintained 100% survival till well past the point at which most P. arcanus and P. pacificus worms had died. A similar argument applies to the P. exspectatus hybrids: if overdominance is critical, survival curves for cohorts of P. exspectatus hybrids should decline earlier and more gradually on account of some individuals lacking the heterozygous genotype, yet we see no clear evidence for either pattern.
We therefore consider it most likely that the relatively short lifespans of P. arcanus females and P. pacificus hermaphrodites stem from recessive alleles at different loci that complement one another when combined in fully heterozygous F1 hybrids. Assuming large-effect alleles (which have repeatedly been linked to nematode longevity in mutant screens; Kenyon, 2011) , this scenario could involve as few as two loci. However, more complex arrangements involving multiple small-effect variants and among-loci interactions (epistasis) have been linked to heterosis in other systems (Charlesworth & Willis, 2009) and cannot be ruled out here. Transcriptomic analysis of gene networks linked to cellular repair and maintenance, conducted in F1 hybrids and in the parental species, may be helpful on this front: Do the F1 hybrids' gene expression levels in these key gene networks match those of long-lived parents, short-lived parents, or neither? Interestingly, it has recently been argued that the evolution of ageing should be driven primarily by large-effect mutations in highly selfing species such as P. pacificus but by small-effect mutations in outcrossing species such as P. arcanus and P. exspectatus, owing to the fact that selection acts more efficiently in outbred (e.g. dioecious) populations, which harbour high levels of genetic variation, than it does in inbred (e.g. hermaphroditic) populations (Rose et al., 2015) . Comparative quantitative genetic analysis of longevity in Pristionchus nematodes, involving both traditional within-species crosses and repeated between-species crosses using a variety of strains, may prove valuable Cross-direction is noted on each plot as Male 9 Female (X0 9 XX, given the Pristionchus sex karyotype). For comparison, survival curves for nonhybrids are provided as thin, dashed lines in each graph (from left to right: P. pacificus hermaphrodites, P. arcanus females, P. exspectatus females; see Fig. 1 ). Survival curves were significantly different depending on cross-direction in (a) and (b), but not (c).
for better understanding how mating system and mutational effect size combine to affect lifespan evolution. We hope to address this issue in future, with the caveat that despite having hundreds of strains for androdioecious P. pacificus, we currently only have one strain for each of P. exspectatus and P. arcanus.
Our assay was conducted using unmated worms. P. pacificus hermaphrodites are modified females that are capable of self-fertilization, and each of the P. pacificus hermaphrodites included in our survival assay produced well over 100 progeny. It may therefore be that the difference in lifespan observed between P. pacificus hermaphrodites and the (largely) nonreproductive F1 hybrid females is due to the selfing worms paying a cost of reproduction. Based on our previous work, we consider this explanation unlikely: trade-offs between lifespan and brood size were found to be weak or negligible in selfing Pristionchus species, including P. pacificus, as well as in mated P. exspectatus females that had been only briefly exposed to males (Weadick & Sommer, 2016a ; see also Fig. S1 ). Moreover, this notion cannot explain the short lifespan of unmated P. arcanus females relative to its hybrids, as neither P. arcanus nor its hybrids self-fertilized. It should be noted that two of the 80 P. pacificus 9 P. exspectatus hybrids we assayed (one from each side of the reciprocal cross) did produce offspring via self-fertilization; both of these selfing hybrids, which produced only five progeny in total, outlived the longest-lived P. pacificus hermaphrodite. Interestingly, of the five observed progeny, the two that developed to adulthood were both male, yet males are found at frequencies below 1% in selfing P. pacificus broods (Click et al., 2009 ). These observations indicate that the alleles that confer the ability for selfing to P. pacificus are partially penetrant in at least one hybrid background and suggest that X-linked incompatibilities may play an important role in hybrid sterility in the P. pacificus species complex. Backcrosses between these F2 males and P. exspectatus females were attempted but were not successful.
The increased lifespan of P. arcanus 9 P. pacificus F1 hybrids relative to either of the parental species resembles the long-established pattern of longevity heterosis seen for the intraspecific hybrid progeny of inbred lines (e.g. Maynard Smith et al., 1955; Goodrick, 1975) . This raises the question of whether the heterosis seen for P. pacificus 9 P. arcanus hybrids is the result of laboratory-fixed mutations that are not present naturally. While possible, we consider this unlikely. Most importantly, strains of P. pacificus, a highly selfing species, are naturally isogenic, indicating that laboratory bottlenecking is unlikely to affect allelic diversity in this species (Morgan et al., 2012) . Additionally, lifespan variation among P. pacificus strains is small relative to the differences seen across the P. pacificus species complex (Weadick & Sommer, 2016a ). Although we cannot rule out laboratory bottlenecking for P. arcanus, we used a strain that was never intentionally inbred to isogenicity, as is typical for nematode collections. Finally, it is notable that we did not observe heterosis for the P. exspectatus 9 P. pacificus and P. exspectatus 9 P. arcanus crosses: the hybrid progeny were not significantly longer lived than true-bred P. exspectatus, the longer lived of the parental species in each cross. That said, we recognize that these arguments are indirect, and would be better addressed by estimating survival curves for multiple hybrids based on different strains, each recently collected from the wild; efforts to discover more strains for dioecious Pristionchus species are ongoing, and their discovery would allow us to explore this issue in the lab.
Our findings revealed significant effects of crossdirection on lifespan for hybrids derived from P. expsectatus, with the hybrids living longer if P. exspectatus was the sire. This result indicates that some lifespan-affecting factor was inherited asymmetrically. Sex determination in Pristionchus is controlled by an XX/X0 female/ male system (Pires-daSilva, 2007); thus, our finding of an effect of cross-direction cannot be due to asymmetrical inheritance of sex chromosomes: all of the worms we studied were XX. Past studies have identified nuclear-mitochondrial conflict as an important regulator of nematode longevity (Zhu et al., 2015) , and our results may indicate that P. exspectatus mitochondria interact adversely with P. pacificus and P. arcanus nuclear genomes. Alternatively, a P. exspectatus-specific maternal effect could lead to such a pattern irrespective of the mitochondria; transgenerational effects have been shown to influence a variety of traits in nematodes, including lifespan in C. elegans hermaphrodites (Rankin, 2015) . Expanding our reciprocal cross-hybrid assay approach to include males could be informative here, as lifespan is sexually dimorphic in P. exspectatus but not in P. arcanus (Weadick & Sommer, 2016a) . However, the magnitude of the parent-of-origin effect in the present study is small, indicating that the nuclear genome is the primary determinant of interspecific lifespan variation in the P. pacificus species complex.
The simplest phylogenetic interpretation of our findings is that long lifespan is the ancestral state and that recessive lifespan-shortening alleles arose and fixed independently in P. pacificus and P. arcanus. However, the phylogenetic pattern uncovered by our previous work argues against this simple scenario: the long lifespan of P. exspectatus females appears to be an evolutionarily recent phenomenon, as does the particularly short lifespan of P. pacificus hermaphrodites, whereas the intermediate lifespan of P. arcanus females is roughly in line with that of females from most other dioecious species studied to date (Weadick & Sommer, 2016a, b) . Elucidating the molecular genetics of lifespan variation in the P. pacificus species complex will be necessary before we can fully reconstruct the evolutionary timing of key substitutions in this group (e.g. Schwarz et al., 2016) . That said, the fact that hybrids and P. exspectatus females are all similarly long-lived is consistent with the hypothesis that the members of the P. pacificus species complex all inherited the developmental potential for long life, with the potential only realized in P. exspectatus. This finding is reminiscent of classic results in C. elegans, where induced mutations in single genes are often sufficient to cause large increases in lifespan, thus demonstrating an innate but suppressed capacity for extended survival (Kenyon, 2011) .
Conducting QTL studies with fully interfertile populations can reveal much about the molecular mechanisms underlying life-history variation, but cannot address divergence above the species level. By contrast, the simple crosses conducted here provide relatively coarse genetic insights, yet apply at a larger phylogenetic scale and thus address the key issue of life-history variation among species. Here, our ability to obtain insights into the genetic basis of interspecific variation in longevity is due to the particulars of the Pristionchus system: closely related, laboratory-tractable organisms with distinct life histories. Owing to the evolution of post-zygotic barriers that result in sterile Pristionchus hybrids, it is not possible for us to study lifespan variation beyond the F1 generation. However, the interspecific hybridization approach could easily be extended past the F1 generation when applied to species where reproductive isolation is solely the result of premating isolating mechanisms (e.g. habitat preferences that separate species in space or time, divergent mating preferences). We believe that the study of interspecific hybrids has the potential to be a powerful approach for exploring the genetics of divergent life-history phenotypes.
